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Applying the derivative operator to Eq.(4), the infiltration flux can be easily defined. In 13 addition, the use algebraic combinations and the derivation with respect to the square root of 14 time, lead to the following expression: 15 
1 where n is the number of measured   t I , values. To this end, a brute-force search (Horst and 2 Romeijn, 2002) was employed, enumerating all possible candidates of the hydraulic parameters 3 to a certain precision and selecting the best result. This reference method, that requires 4 considerable computing power, was used to study the properties of the solution space and lead 5 to more efficient inverse methods. The γ and  values used in the analysis were fixed at their 6 values by default i.e. 0.75 and 0.6, respectively (Haverkamp et al., 1994) . 7 8
Sand-layer effect 9
To ensure contact between the soil and the disc base, a sand layer is commonly placed on the 10 surface. However, the water stored in the sand influences the cumulative infiltration curve, 11 contradicts the homogeneity assumption of Eq.(1) and invalids the hydraulic parameters 12 obtained by the inverse analysis (Angulo-Jaramillo et al., 2000) 
(standard technique). A new 13
procedure to omit the influence of the contact sand layer (layered flow analysis) on the K and S 14 estimation is proposed. This consists of a layered flow model that assumes the water does not 15 infiltrate into the soil until the sand layer is completely saturated. After this early stage, 16 infiltration is assumed to occur as if the sand layer were inexistent with no flow impedance by 17 the highly conductive sand. Under these assumptions, the effect of sand can be considered just 18 as a delay of time and volume before water infiltration in the soil. Then, the effect of the 19 contact layer can be removed by finding the sand infiltration time (and its corresponding water 20 volume), that corresponds to the time required for water to fill in the sand, and shifting the 21 experimental data to the origin (in time and water volume). To account for such a shift in 22 infiltration time and volume, the proposed algorithm is based on the adaptation Eq.(13) to the 23 layered flow problem as follows. For any set of infiltration data, several values are consideredfor sand infiltration times and volumes, leading to the definition of a collection of infiltration 1 curves as a function of sand infiltration and volume. Each curve is shifted in time and in 2 volume before being analyzed through the minimization of the objective function, Eq. (13). 3
This steps allows the selection of the hydraulic parameters that provide the best fitted. The 4 corresponding curve and values for sand infiltration time and volume are selected. This 5 approach captures the portion of the curve that best fits Eq.(3) and removes the sand layer 6 effect. The range of the proposed infiltration sand time values was fixed between 0 and 5 7 seconds every 0.1 s. 8 9
Synthetic infiltration curves 10
Infiltration experiments were simulated using HYDRUS-3D model (Simunek et al., 1999) , 11 considering 12 different soils types (Table 1) . Water retention curves were characterized using 12 the van Genuchten (1980) model with Mualem condition. We considered the Mualem model 13 for unsaturated hydraulic conductivity (Mualem, 1976) . The soil volume was discretized as a 14 cylinder (radius of 25 cm and depth of 25 cm), covering the axisymmetric plane with a 2-D 15 rectangular mesh of 100×900 cells. The vertical cell size was variable to obtain more detail 16 near the surface, ranging from 0.003 cm on the top to 0.3 cm on the bottom. Maximum and 17 minimum time steps were fixed at 0.05 s and 10 -4 s, respectively. Previous numerical analysis 18 demonstrated that, under this discretization, the solution is grid independent. 19 A base disc infiltrometer of 10 cm radius was represented as a constant pressure head 20 boundary on the corresponding cells, whereas the rest of the soil surface was treated as 21 atmospheric boundary with no flux. A null pressure head was considered as bottom boundary. 22
The lateral and the bottom boundaries of the soil cylinder were considered as no flux 23 boundaries, condition that is valid if the water does not reach these regions. The initial soil 24 water content was close to the residual water content to satisfy  n <0.25  s that is required forthe validity of Eq.(1). The simulations run up to 50 mm water infiltration. This allowed 1 obtaining a fixed precision in the soil hydraulic parameters estimation. 2
To validate the method that removes the influence of the contact layer, simulations were 3 repeated on the same soils considering a 5 mm sand layer (with the same radius as the disc 4 base) placed on the surface. These new numerical data were used for the inversion procedure 5 using the layered flow option to assess the capability of the proposed procedure to find the sand 6 infiltration time and volumes. Hydraulic properties of the contact sand layer are shown in Table  7 1. 8 9
Hydraulic stability 10
Air bubbling in the water reservoir can affect the measurement of the cumulative infiltration. 11
To study the influence of air bubbling on the hydraulic parameter estimation, a synthetic noise 12 was added to the synthetic infiltration curves calculated for the previous step (see above). A 13 reference synthetic noise was extracted from the analysis of real experimental data used by 14 Moret-Fernández et al. (2013a) . To do so, the bubbling effect was extracted by comparing the 15 experimental and the corresponding theoretical curves, fitted to Eq.(3) trough an inverse 16 procedure. Statistical analysis of the difference between model and experimental data 17 demonstrated that the resulting noise could be described by a normal distribution. Three 18 increasing noise levels, corresponding to standard deviation values of 0.5, 1, and 2 mm, were 19 incorporated to the simulated infiltration curves (Table 1 ). According to our experience with 20 the disc infiltrometry technique, the selected standard deviation values cover most observed 21 field conditions. 22 23
Field experiments 24

Experimental design
The NSH method was tested on experimental infiltration curves recorded in laboratory, two 1 different sands (Table 2) , and in semiarid dry lands of the central Ebro Basin (north-eastern 2 Spain). The average annual precipitation of the experimental fields ranges between 313 and 3 350 mm and the average annual air temperature ranges between 13.3 and 14.5 ºC. The 4 experimental fields were located in the municipalities of Peñaflor, Codo, Belchite, Leciñena, 5
Sariñena and Bujaraloz. The lithology of the fields is gypseous alternating with non-gypseous 6 areas. The traditional land use is an agro-pastoral system involving rainfed agriculture and 7 extensive sheep grazing. The cropping system is a traditional cereal-fallow rotation, which 8 involves a long fallow period of 16-18 months, running from June-July to November-9
December of the following year. 10
Five different contrasted soil managements were considered: ungrazed (NG) and grazed 11 (GR) uncultivated lands, and cultivated soil under conventional (CT), reduce (RT) and no-12 tillage (NT) treatments. The NG and GR treatments were located on uncultivated soils at 13 Leciñena, Belchite, Codo and Sariñena municipalities. The grazing intensity in the GR fields 14 was < 1 livestock unit ha Details about the field characteristics of Peñaflor can be found in Moret and Arrúe (2007) . 3 Measurements in Bujaraloz were conducted on commercial agricultural fields under CT 4 management. Three different soil structural conditions were considered: freshly moldboard 5 tilled (MB), cropped (C) and fallowed soils. Infiltration measurements in MB were performed 6 on freshly tilled soils just after a pass with a moldboard plow (in the spring of the 18-months 7 fallow period), before any rainfall event. The C treatment corresponded to soils in the 8 aggregation status for the last stages of winter cereal development (May-June). The soil under 9 F did not present adventitious plants and was partially covered (>20%) with winter cereal crop 10 residues. Measurements in C and F were performed between crop lines. A total of 16 sampling 11 points under MB and C and 24 for F ( All samplings for soil texture properties per experimental field were taken from the 0-10 cm 18 depth soil layer. The samples, one replication per field, were homogenized and sieved up to 19 2mm for the subsequent laboratory analyses. The soil particle size distribution and related 20 textural parameters were determined using the laser diffraction technique (COULTER LS230). 21
The soil dry bulk density ( b ) measured within the 2-7 cm depth soil layer, after removing 22 the soil surface crust, was determined by the core method (Grossman and Reinsch , 2002) 23 (50mm diameter and 50mm height). One replication was taken per infiltration measurements. 24
The  b values with mass water contents were subsequently used to determine the priorvolumetric water content and the saturated water contents needed to calculate the surface 1 hydraulic conductivity K 0 using Mualem capillary model. 2
The transient cumulative infiltration curves were measured with a Perroux and White (1988) 3 model tension disc infiltrometer. The diameter disc and internal diameter of the water reservoir 4 tower was 100 mm and 34 mm, respectively. Two different base discs were used: (i) a 5 conventional disc (C DB ) which base was covered with a tightened nylon cloth of 20-m mesh 6 and uses contact sand layer between the soil surface and the base disc; and (ii) a malleable base 7 disc (M DB ), which base was covered with a loosened malleable nylon cloth of 20-m mesh 8 filled with 100 g of coarse sand (1-1.5 mm grain size; 0.5-cm-thick layer, approximately) 9 (Moret-Fernádnez et al., 2013b) . This alternative design allows adapting the base disc to the 10 soil surface without using contact sand layer. 11
The infiltration measurements were taken on areas cleared of large clods and crop residue. 12
These included infiltration measurements on the soil surface crust and on the 1-10 cm depth 13 soil layer, after removing the surface crust (Table 2 ). For the conventional disc (C DB ) a thin 14 layer (< 1 cm thick) of commercial sand (80-160 m grain size and an air-entry value between 15 -1 and -1.5 kPa ), with the same diameter as the disc base, was poured onto the soil surface. 16
The M DB disc was directly placed on the soil surface. A total of 266 cumulative infiltration 17 curves were recorded (Table 2) . Measurements in Bujaraloz, Belchite, Codo, Leciñena and 18
Sariñena were done with a C DB disc, and infiltration measurements in Peñaflor with the C DB 19 and M DB base (Table 2 ). All measurements were performed at 0 cm of pressure head. The water 20 infiltration was measured from the drop of water level in the reservoir tower, which was 21 automatically monitored with ±0.5 psi differential pressure transducer (PT) (Microswitch, 22 Honeywell) (Casey and Derby, 2002) . The scanning time interval was 10 seconds. Infiltration 23 measurements lasted between 8 and 15 min. At the end of infiltration, a wet soil sample wasneeded to estimate the soil hydraulic properties was calculated as the product between W and 1
The influence of the water reservoir bubbling on the DL and NSH methods was evaluated. 3
To this end, four representative curves with different noise ranges, two with low and high 4 noise, respectively, were selected. These correspond to infiltration experiments concluded in 5 the Bujaraloz, Peñaflor and Codo fields ( Table 4 ). The four infiltration measurements were 6 conducted on the 1-10 cm depth soil layer, and contact sand layer was employed. In a second 7 step, the influence of the contact sand layer on the DL and NSH methods was also studied. 8
The S and K estimated with the NSH method for the 266 measured field infiltration curves 9
were subsequently compared to the corresponding values estimated with the DL procedure 10 (when available). To prevent subjective decisions with DL, the following procedure was 11 established: 12
time interval of 10 s between two successive measures; 13
(ii) removal of the first points which correspond to water infiltration in the sand layer ; 14 (iii) total infiltration time was < 150 s. 
Method validation
An excellent fitting was observed between synthetic and modelled cumulative infiltration 1 curves for the case of infiltration with no sand layer ( Fig. 2a ; Table 3 ). The objective function 2 presents a unique and narrow minimum around the optimal hydraulic properties values (Fig 2b  3 and c). These results show that, for the case depicted in Figure 2 , estimates can be properly 4 identified for both sorptivity (S) and hydraulic conductivity (K), and that the estimates are close 5 to the targeted values. Overall, NSH method provided accurate estimates for all cases. 6
Estimated hydraulic conductivities and reference values present high correlation (R 2 = 0.95) 7 (Fig. 3) , indicating the ability of the method to estimate K from transient infiltration curves. 8
Although Lassabatere et al. (2009) observed that the quasi-exact formulation was suitable when 9 the soil-dependent and saturation-independent shape parameters, γ and β, are properly chosen, 10 our results showed that the average values proposed by Haverkamp et al (1994) gave 11 acceptable results. 12
As a second step, we inverted the data obtained for the layered profile (sand + soils) with the 13 NSH method, based on the standard analysis without the layered flow analysis. We aimed at 14 quantifying the impact of the sandy layer onto the quality of estimates in the case its negative 15 effect is not considered. As showed in Figure 4 standard analysis is applied to synthetic curves obtained for soils with contact sand layer (Fig.  2   3 ; Table 2 ). However, these errors vanished when the layered flow model is used ( Fig. 3 ; Table  3 2), where a strong correlation (R 2 = 0.93) between the original and estimated K was observed 4 (Fig. 3) . These results show the NSH with layered flow analysis allows the use of infiltrometer 5 with sand layer and a proper analysis of the data obtained in such configuration. These results 6 validate the proposed method against synthetic data. For the case of soil 10, no results are 7 available since the numerical calculation of water cumulative infiltration could not be 8 determined, due HYDRUS numerical convergence errors. 9 10
Sensitivity and uncertainty 11
Infiltration measurements are affected by several sources of uncertainty (i.e. water level 12 measurement, contact sand layer, effective disc radius, etc.), which may propagate its 13 variability to the hydraulic parameters estimates. In our case, only the source of uncertainty due 14 to water level measurement (0.5 mm) was considered. 15
The water level measurement uncertainty depends on the reservoir diameter. Two different 16 diameters (3.4 and 6.0 cm) were considered, resulting in increasing uncertainties for larger 17 diameters (Fig. 5) . A sensitivity analysis was performed, around each inverse solution, as part 18 of a first order uncertainty analysis. The change of the objective function (Eq.13) associated to 19 the uncertainty source was first calculated and transported to the inverse analysis parameter 20 space, estimating the variability of the results (Fig. 5) . It is clearly shown that larger water 21 reservoir diameters result in an increase in measurement errors and thus widen the confidence 22 intervals for all estimates (K and S). The influence of the experiments duration on the estimates was also tested. Analysis of 3 Eq.(3) showed that the accuracy of the hydraulic properties estimation depends also on the 4 measurement time. Shorter infiltration times shift the optimal K values and widen the objective 5 function. This is illustrated for the case of Soil #12 in Fig. 6 . In this case, if we consider a 6 desired precision in the measurements (here the same as for the infiltrometer with 3.4 cm in 7 diameter), the change in time duration changes both the range of the confidence interval and 8 the center of the interval (i.e. the estimation). Clearly, best estimates are obtained for longer 9 experiments, which means that proper estimations for hydraulic conductivity and sorptivity 10 require to wait long enough. The analysis was extended to all synthetic infiltration curves, to 11 determine the minimum infiltration time required to estimate the hydraulic parameters within a 12 certain relative accuracy (10 and 90%), by means of an iterative procedure (Fig. 7) . The results 13
show that: (i) infiltration time needed to estimate the hydraulic properties within a fixed 14 uncertainty increases as the soil permeability decreases, and (ii) the S, which is mainly related 15 to the initial infiltration times (Angulo-Jaramillo et al., 2000) , is less affected than K by the 16 infiltration time. 17
The NSH method appears interesting and promising since it uses the analytical expression 18 developed by Haverkamp et al. (1994) that is valid for all times. Thus, opposite to other 19 methods, this technique does not require the attainment of steady state, which can be quite time 20 consuming for some soils. Yet, these calculations show that time duration of the dataset to be 21 analyzed with the NSH method needs to be long enough. However, we consider that a constant 22 water infiltration volume can be better criteria to obtain fixed accuracy for all soils. For a 10 23 cm diameter disc infiltrometer, we have found that this volume is about 50 mm. 24
Bubbling effect 1
A satisfactory fitting of the different noisy curves was observed (Fig. 8a) . Although the 2 objective function distribution around the optimal hydraulic properties values presents a unique 3 minimal value, the noisiest curves tended to increase the width of the wells and, accordingly, 4 the uncertainty of the estimations (Fig 8b and c) , mostly for hydraulic conductivity (K). The 5 results showed that S was not affected by the noise level (Fig. 9a) . Only the noisiest infiltration 6 curves had a significant influence on K, which optimal values differing from those calculated 7 from the original curves (Fig. 9b) . These results prove that the NSH method allows to treat 8 even noisy data with no clear impact on the quality of estimates for both saturated hydraulic 9 conductivity and sorptivity. 10 11 4.2. Field testing 12
Water reservoir bubbling influence 13
The bubbling in the water supply reservoir during the infiltration experiments, which 14 perturbs the cumulative infiltration curves, had an important influence on the DL method. This 15 method could be satisfactorily applied only on low noisy infiltration curves ( Fig. 10a and b) . In 16 these cases, both DL and NSH procedures gave comparable K and S values (Table 4) . 17
Increasing noise in the infiltration curves (Fig. 10c.2 and d. 2), reduced the R 2 related to Eq. (10) 18 and prevented coherent estimates of K, which even gave negative values (Table 4 ). This 19 problem, which is due to Eq.(10) is very sensitive to anomalous changes in the infiltration 20 curve slopes, may be solved by increasing the infiltration time interval, smoothing the data, or 21 removing spurious pair of t d dI vs. t points. However, the subjectivity of this process, which 22 depends on the researcher experience, makes the DL method to be time-consuming and 23 subjective. This drawback of the DL method results from the derivation process which requires 24 an extreme precision of the data. This problem vanished with NSH, with the use of the fulltime cumulative infiltration curve, is significantly less affected by the infiltration noise (Fig.  1 10.1). The low RMSEs between the NSH modelled and experimental curves (Table 4) indicate 2 this method can satisfactorily be applied even in noisy infiltration curves. In addition, the 3 values for estimates seem plausible. 4 5
Influence of the contact sand layer 6
The water initially stored in the contact sand layer during the early stages of the infiltration 7 measurements makes a jump in the initial times of the cumulative infiltration curve (Fig. 10a  8 and 2b). As reported by Vandervaere et al. (2000) , this sand infiltration time (t sand ) should be 9
removed from infiltration curve analysis to properly estimate the soil hydraulic properties. 10
Applied on low-noisy infiltration curves, the DL method allowed revealing and removing the 11 infiltration steps corresponding to the sand layer wetting (black points in Fig. 10.2) . The 12 remaining data could be satisfactorily used to estimate the K and S (Table 4) . A completely 13 different scenario was observed for noisy infiltration curves, where indistinguishable t sand 14 values were observed (Fig. 10c.2 and d.2) . In these cases, the difficulty to detect t sand and the 15 subjectivity of this procedure makes the DL method to be inaccurate and uneasy to apply. 16
These limitations vanish when using the NSH method ( Fig. 10 and 
K and S estimates 21
Over the 266 experimental infiltration curves, a total of 158 measurements (59%), with a 22 R 2 DL <0.15, were omitted from the DL analysis. Such percentage indicate a high rate of failure. 23
From the remaining data, 87 curves (33%) presented a R 2 DL between 0.15 and 0.60, and only 21 24 measurements (8%) showed a R 2 DL  0.6. These results indicate that only 40% of experimental 25 infiltration curves could be analysed by the DL method. Overall, the S estimated with DL was 1 well correlated to that calculated with NSH (Fig. 11a ). This is due to the high infiltration rates 2 in the early infiltration stages providing accurate derivatives. A substantial worse K DL vs K NSH 3 correlation was observed. Only linearized infiltration curves with R 2 DL > 0.7 gave a satisfactory 4 K DL vs K NSH correlation (R 2 = 0.96) (Fig.11b) . For the remaining measurements, a poorer K DL 5 vs K NSH correlation was found, where DL tended to overestimate K. Two reasons could explain 6 these results: (i) the DL method results are highly inaccurate for noisy infiltration curves (R 2 DL 7 < 0.6.) (Fig. 10b) ; and (ii) the application of DL method is restricted to relatively short time 8 (i.e. 150s). As above demonstrated, the selection of longer datasets with NSH method, that 9 remain valid for all times, allows to increase the quality and accuracy of estimates and to 10 reduce uncertainty. The analysis of time duration of the experiments on the estimates of K and 11 S using the NSH method (Fig. 7) reveals that the infiltration time used in the field experiments 12 (ranged between 480 and 900 s) was in most cases insufficient to estimate K and S with a 10% 13 or 90% accuracy. In those cases, longer infiltration measurements should be recommended. 14 15
Conclusions 16
This paper describes, and evaluates under field conditions, a new numerical procedure (NSH) 17 to estimate the soil K and S from the cumulative infiltration curve of a disc infiltrometer using 18 the analytical equation developed by Haverkamp et al. (1994) . This procedure also removes the 19 effect of the contact sand layer to improve the quality of estimates for K and S. The method was 20 satisfactorily validated on 12 synthetic infiltration curves simulated with HYDRUS-3D from 21 known soil hydraulic properties, including scenarios with contact sand layer. A sensitivity 22 analysis was conducted using the water level measurement as the source of uncertainty. The 23 effect of the infiltration curve noise (due to the bubbling in the infiltrometer) and the minimumshow that a constant water infiltration volume is a better criteria to obtain fixed accuracy for all 1 soils. For a 10 cm diameter disc infiltrometer, we have found that this volume is about 50 mm. 2
The method (NSH) was subsequently compared to the differential model (DL) on 266 3 infiltration measurements taken under different soil conditions. Compared to the DL procedure, 4 NSH allowed more robust estimates of K and S, independently on the infiltration curve noise 5 and the presence of contact sand layer between the soil surface and the base disc. The proposed 6 method has the advantage to work with raw cumulative data, instead of differentiated data and 7 to be valid for all times, which allow to consider large datasets. The results demonstrated that 8 the NSH method means a substantial advance to estimate the soil hydraulic properties from 9 transient water infiltration flows. However, new efforts should be done to include additional 10 disc infiltrometer uncertainty sources, such as effective disc radius, in the analysis. (Table 2) , and the corresponding 3D modelled curves simulated 20 from the hydraulic properties (Table 2) 1 Confidence interval estimated considering uncertainty due to water level measurement (0.5 mm) for a 1.6 cm diameter reservoir.
4 5 1 Table 4 . Soil sorptivity (S) and hydraulic conductivity (K) estimated with a 10 cm diameter disc infiltrometer in four different fields 2 in Bujaraloz, Peñaflor and Codo with the DL and the NSH methods. Q and t sand denotes the objective function (Eq. 13) and the time 3 to saturate the contact sand layer, respectively. Within square bracket, the average confidence interval estimated with NSH 4 considering uncertainty due to water level measurement (0.5 mm) for a 1.6 cm diameter reservoir. 
